Glioblastomas (GBMs) are malignant brain tumors that can outstrip nutrient supplies due to rapid growth. Cyclooxygenase-2 (COX-2) has been linked to GBMs and may contribute to their aggressive phenotypes. Amino acid starvation results in COX-2 mRNA and protein induction in multiple human glioma cell lines in a process requiring p38 mitogen-activated protein kinase (p38-MAPK) and the Sp1 transcription factor. Increased vascular endothelial growth factor expression results from starvation-dependent COX-2 induction. These data suggest that COX-2 induction with amino acid deprivation may be part of the adaptation of glioma cells to these conditions and potentially alter cellular response to anti-neoplastic therapy.
Introduction
Cyclooxygenase (COX) is the rate-limiting enzyme in the biosynthesis of prostaglandins (for review, see (1)). Two isoforms of the COX enzyme, COX-1 and COX-2, have been identified. The COX-1 isoform synthesizes prostaglandins that are required for normal physiologic function like gastrointestinal cytoprotection and platelet activity. Inhibition of COX-1 may have an important role in non-steroidal anti-inflammatory drug (NSAID)induced toxicity in humans, such as gastric ulcer formation. The second isoform, COX-2, is not detectable in most normal tissues; however, it is induced at sites of inflammation by cytokines, growth factors, tumor promoters, and other agents. Expression of cyclooxygenase-2 (COX-2) has been linked to many cancers and may contribute to malignant phenotypes, including enhanced proliferation, angiogenesis, and resistance to cytotoxic therapies (2) (3) (4) (5) (6) (7) .
Amino acids (AAs) are the building blocks of proteins and can also serve as intermediates in metabolism. Biosynthetic pathways are available for the production of many AAs. However, certain essential AAs cannot be synthesized within the cell and therefore must be externally acquired. Changes in the cellular milieu may potentially limit the availability of AAs, particularly the essential ones, which may have significant implications for basic cellular processes. Overall, cellular responses to nutrient deprivation such as autophagy have been extensively studied and may have implications for cancer growth and treatment response (for reviews, see (8) (9) (10) ). AA deprivation does represent a form of metabolic stress, which can lead to activation of certain signaling pathways including the mitogen-activated protein kinase (MAPKs). MAPKs, which include extracellular signal-regulated protein kinase (ERK), c-Jun N-terminal kinase/stress-activated protein kinase (JNK/SAPK) and p38 subfamilies, are important regulatory proteins through which various extracellular stimuli and stresses can be transduced into intracellular events (for reviews, see (11, 12) ) Glioblastomas (GBMs) are the most common malignant primary brain tumors in adults. Despite advances in the treatment of GBMs, these tumors remain highly aggressive and relatively resistant to treatment with chemotherapy and radiotherapy (13, 14) . COX-2 appears to be an important factor in the malignancy of GBMs with previous studies demonstrating the association of higher COX-2 expression with higher grade and more mitotically-active gliomas (15, 16) . Furthermore, increased expression of COX-2 correlates with worse survival in this disease (16) . In addition, significant hypoxia is often present in GBMs (17) and the mechanisms responsible for driving this hypoxia can similarly limit delivery of nutrients including amino acids. While hypoxia is thought to contribute to therapeutic resistance in GBMs (18) , less is known regarding the role of amino acid starvation on response to cytotoxic therapies. Najim et al. did find that methionine restriction reduces sensitivity of a glioma cell to a variety of chemotherapies (19) . Finally, amino acid homeostasis is potentially of importance to the pathogenesis of GBMs especially since specific amino acid transporters are elevated in these tumors as evidenced by the utility of amino acid PET tracers such as 11 C-methionine for imaging GBMs (20, 21) .
Due to rapid growth, GBMs can quickly outstrip their vascular supply resulting in significant hypoxia and nutrient deprivation necessitating an adaptive metabolic response by tumor cells (22) (23) (24) . We sought to simulate nutrient deprivation with an in vitro model by culturing human glioma cells under conditions of AA starvation to evaluate potential adaptive responses to this cellular stress. In this study, we show that the expression of COX-2 is strongly induced by AA deprivation in multiple human glioma cell lines, further explore the mechanistic basis for starvation-dependent induction of COX-2, and identify a downstream effect of this COX-2 induction on vascular endothelial growth factor (VEGF) expression.
Materials and Methods

Cell lines, culture conditions, and transfections.
Glioma cells lines (U87MG, SF767) were chosen for use in these studies due to their frequent use as representative glioma models and previous characterization of COX-2 response to other signals (7, 25) . These cells were cultured in high-glucose DMEM supplemented with 10% fetal calf serum, sodium pyruvate (1 mM), and penicillin (100 units/mL)/streptomycin (100 μg/mL) (Sigma-Aldrich, St. Louis, MO) unless otherwise indicated. Transient transfection of small interfering RNAs (siRNAs) or plasmids was accomplished using LipofectAMINE 2000 (Invitrogen, Carlsbad, CA) according to manufacturer's recommendation. siRNA against p38-MAPK and Sp1 (Santa Cruz Biotechnology, Santa Cruz, CA) was obtained commercially. siRNA (sequence: 5'aaagacugguauuucaucugccugc-3') against COX-2 was custom synthesized (Invitrogen). The Stealth RNAi medium GC duplex negative control or a custom scrambled siRNA (sequence: 5'-ugaucuggaugucaagacauaacuc-3') (Invitrogen) was used to control for sequence independent effects of introducing short RNA duplexes into cells. The COX-2 promoter reporter construct containing the human COX-2 promoter from bases −1122 to +27 relative to the transcriptional start site inserted upstream of the firefly luciferase gene (COX2/P1luciferase) has previously been described (7) .
Amino acid deprivation and inhibitor treatments.
Cells were serum starved overnight prior to culturing in Gln/Lys/Arg or Met/Cys deficient media for the indicated times. DMSO stocks of inhibitors against the following enzymes, p38-MAPK (SB202190), MAP/ERK kinase (U0126), c-Jun-NH 2 -kinase (JNK; SP600125) (Calbiochem, San Diego, CA), and COX-2 (celecoxib; LC Laboratories, Woburn, MA) were made and working concentrations for a particular inhibitor are noted in the figure legends with vehicle only (DMSO) used as a negative control. The Sp1 transcription factor inhibitor mithramycin (Sigma) was also made as stock solutions in DMSO and used at concentrations noted for each experiment.
Western blotting and antibodies used.
All western blots were done according to standard procedures. Blots were probed with antibodies against human COX-2 (Cayman Chemical, Ann Arbor, MI), p38-MAPK/ phospho-p38-MAPK (Cell Signaling Technology, Beverly, MA), JNK/phospho-JNK (Cell Signaling), Sp1 (Santa Cruz), and LC3 (Novus, Littleton, CO). As loading controls, blots were also probed with antibodies against EIF5α (Santa Cruz). Blots were detected using anti-rabbit or mouse IgG secondary antibody conjugated with horseradish peroxidase and chemiluminescent substrate according to standard procedures.
Quantitative real-time PCR.
COX-2 mRNA levels was assessed by quantitative real-time PCR. Briefly, total RNA was isolated in TRIzol and cDNA synthesized according to standard protocols. The real-time PCR reaction was performed using the TaqMan primer and probe sets for PTGS2 (COX-2; Hs00153133_m1), VEGFA (VEGF; Hs00900055_m1) and PPIA (cyclophilin A; Hs04194521_s1) on an ABI 7500 unit (Life Technologies, Grand Island, NY). Real-time PCR assays were performed in 20 μL reaction with standard reagents under conditions as follows: 50 o C x 2 min, 95 o C x 10 min, 40 cycles of 95 o C x 15 sec and 60 o C x 1 min. COX-2 levels were determined relative to cyclophilin levels as a normalization control.
Luciferase reporter assay.
The COX2/P1-luciferase reporter construct was transiently transfected into U87 and SF767 glioma cells using LipofectAMINE 2000 (Invitrogen) according to the manufacturer's recommendations. Two days post-transfection, cells were serum starved overnight and then subjected to AA starvation for 4 hours without or with SB202190 or mithramycin. Cells were harvested and luciferase activity measured according to standard procedure as described previously (26, 27) . Luciferase activities were normalized to total protein concentration in each lysate.
Results
AA deprivation induces expression of COX-2.
We first noted in metabolic labeling experiments that culturing glioma cells in media lacking methionine/cysteine leads to significant induction of COX-2. Therefore, we sought to assess this response under more controlled conditions. Two human glioma cell lines (U87 and SF767) are cultured under conditions of AA deprivation with media lacking either glutamine/arginine/lysine (Gln/Arg/Lys) or methionine/cysteine (Met/Cys) and assessed for expression of COX-2. After culturing under these conditions of AA starvation, COX-2 expression increases significantly at the level of protein as assessed by immunoblot analysis ( Figure 1A-B ). COX-2 is induced within two hours and appears to reach its peak at 4-6 hours after exposure to starvation conditions. Of note, similar responses are seen with starvation using either Gln/Arg/Lys or Met/Cys deficient medias except that COX-2 induction is slightly more pronounced and seen somewhat sooner with Met/Cys deprivation prompting us to use Met/Cys deficient conditions on subsequent experiments (and will be referred to synonymously as AA starvation). Next, RNA expression of COX-2 is assessed by quantitative real-time PCR and shows similar increases in response to AA starvation ( Figure  1C ). Thus, nutrient starvation by AA depletion results in COX-2 induction at both the RNA and protein levels in malignant glioma cells.
Signaling through p38-MAPK is required for AA deprivation-induced COX-2 expression.
We next determined which signaling pathways are needed for COX-2 induction in response to AA starvation. Nutrient starvation is expected to trigger stress signals prompting us to evaluate the role of the p38-MAPK, MEK/ERK and JNK/SAPK pathways on COX-2 induction. These pathways are pharmacologically inhibited in two different glioma cell lines and the p38-MAPK inhibitor SB202190 is found to consistently suppress AA deprivationdependent COX-2 response to the greatest extent (Figure 2A-B) . Interestingly, reduced COX-2 induction is also seen with JNK inhibition using SP600125 in U87 cells while our other assessed cell line (SF767) showed no such dependence in JNK activity (Figure 2A-B ). Consistent with these findings, AA starvation induces p38-MAPK phosphorylation in both U87 and SF767 cells ( Figure 3A ) and JNK phosphorylation in U87 cells ( Figure 3B) indicative of pathway activation. To further confirm the role of p38-MAPK on AA deprivation-dependent COX-2 induction, a p38-MAPK-specific siRNA is introduced into the glioma cells to knockdown p38-MAPK expression. In each case, p38-MAPK expression is substantially reduced (>70%) and results in a corresponding decrease in COX-2 induction both at the protein and RNA levels after AA starvation ( Figure 4A-B ). Overall, these results strongly suggest that the p38-MAPK pathway is needed for AA deprivation-induced COX-2 expression in malignant glioma cells.
Sp1 is involved in AA deprivation-induced COX-2 expression.
Base on our previous work demonstrating the involvement of the Sp1 family of transcription factors downstream of p38-MAPK on EGFR-dependent induction of COX-2 (7, 28, 29) , we speculate that Sp1 is also involved in AA deprivation-induced COX-2 expression. To test this possibility, Sp1 is pharmacologically inhibited with mithramycin and assessed for effect on COX-2 expression after AA starvation. In each case, mithramycin is capable of significantly suppressing induction of COX-2 at both the mRNA and protein levels in U87 and SF767 cells in response to AA deprivation ( Figure 5A-B) . These cells are then assessed after siRNA knockdown of Sp1, which could reduce expression of Sp1 by more than 90% ( Figure 6A ). In each case after Sp1 knockdown, COX-2 induction in response to AA starvation is significantly attenuated (Figure 6A-B ). Finally, a COX-2 promoter reporter construct (COX2/P1-luciferase) is transiently introduced into U87 and SF767 cells ( Figure  7A ) and assessed for luciferase activity under AA starvation condition in the absence or presence of SB202190 and mithramycin. In this experiment, luciferase activity is induced by AA deprivation and attenuated by p38-MAPK and Sp1 inhibition ( Figure 7B-C) . These results suggest that AA starvation-dependent COX-2 induction involves a transcriptional mechanism requiring Sp1.
AA deprivation-induced VEGF expression requires COX-2.
Because cells undergoing starvation would naturally try to adapt by enhancing nutrient acquisition through stimulating angiogenesis and we have previously found that increased COX-2 activity results in VEGF induction (7), we hypothesized that VEGF would also be induced by AA deprivation in glioma cells in a process dependent on COX-2 induction. To test this hypothesis, COX-2 expression was knocked down in U87 cells and then subjected to AA deprivation. Under these conditions, AA starvation results in substantial induction of COX-2 mRNA in the control cells with very significant knockdown of COX-2 expression after introduction of siRNA against COX-2 ( Figure 8A ). Knockdown of COX-2 protein expression (>90%) was also confirmed by immunoblot analysis (data not shown). Similarly, VEGF mRNA expression was induced 3-4 fold at baseline with AA starvation in control cells while COX-2 knockdown also significantly attenuated this starvation-induced VEGF expression ( Figure 8B ). Significant relative reduction of VEGF expression after COX-2 knockdown was in the 60-75% range ( Figure 8C ). These results suggest that COX-2 induction after AA deprivation enhances VEGF expression and stimulates angiogenesis as part of the adaptive response to starvation.
Discussion
Our data show that AA deprivation, as a form of metabolic stress, increases the expression of COX-2 in human glioma cell lines. The p38-MAPK pathway has previously been shown to mediate COX-2 induction in response to growth factor stimulation in glioma cells (7, 28, 29) . Similarly, the p38-MAPK pathway appears to be particularly important in COX-2 induction in response to AA starvation although signaling through JNK is also a strong factor in one of the assessed cell lines (U87MG). Like with growth factor-mediated COX-2 induction, the Sp1 transcription factor also appears to be required in this process. Therefore, our work links AA deprivation and COX-2 expression and defines a molecular mechanism for this association.
Because of unchecked growth, malignancies including glioblastoma brain tumors can quickly outstrip their vascular supply and be potentially subjected to conditions of nutrient deprivation. To continue to thrive under these conditions, these cells need to generate appropriate adaptive responses. We find that COX-2 expression is induced after AA deprivation. COX-2 is overexpressed in a variety of malignancies and has been linked to aggressive phenotypes, including enhanced proliferation, angiogenesis, suppression of cell apoptosis, and resistance to cytotoxic therapies (2) (3) (4) (5) (6) (7) 30) . Given this range of potential activities, we speculate that its induction may be an important part of the adaptive response that these cells need to undergo to survive such conditions. We and others have previously found that increased COX-2 activity induces VEGF and results in enhanced angiogenesis (7, 27, 31, 32) . In fact, we have now demonstrated that a consequence of the adaptive response of COX-2 induction in the face of AA starvation is enhanced VEGF expression. Transcriptional activation of COX-2 has not been previously linked to amino acid deprivation. Therefore, our report is the first to describe this finding and provide a molecular mechanism linking AA deprivation through p38-MAPK/Sp1 activation to transcriptional activation of COX-2 that results in VEGF induction and angiogenesis.
While the p38-MAPK pathway appears to be the primary one involved in regulation of COX-2 expression in response to AA starvation, we also find that the MEK/ERK pathway has a partial role in our assessed cells while the JNK/SAPK pathway has a very strong role in one of our assessed cell lines (U87). A rapid and transient activation of ERK1/2 and, to a minor extent, of JNK1 has been found to occur in fibroblasts incubated in a saline solution deprived for all amino acid providing precedence for the activation of these signaling pathways in response to AA deprivation (33) . Since the MEK/ERK pathway appears to only have a minor role and the JNK/SAPK did not have consistent effects in both of our assessed cell lines in AA starvation-dependent COX-2 expression, we did not pursue identifying additional mechanistic details involved in these pathways. Zhang et al. did find that the JNK1/c-JUN/AP-1 pathway was important in TPA-induced COX-2 expression (34) . Given the strong effect that inhibition of JNK/SAPK had on COX-2 expression in the U87 cells after AA starvation, it is certainly possible that this is also an important pathway in a subset of malignant glioma cells. Thus, identifying biomarker(s) that can indicate whether JNK/ SAPK play a strong role in AA starvation-induced COX-2 expression will be of importance and can potentially be the subject of future investigations. Overall, inhibition of the p38-MAPK pathway along with JNK/SAPK, in selected GBMs, may be part of an ultimate strategy for targeting AA starvation-dependent COX-2 induction.
The pathogenesis of GBMs may be impacted by AA deprivation in multiple ways. As we found, AA starvation-dependent COX-2 induction may directly increase VEGF expression, which leads to microvascular proliferation and enhances tumor viability. Besides increasing angiogenesis with VEGF expression, we speculate that COX-2 induction is contributing to the adaptation of our malignant glioma cells to AA starvation in other ways. Autophagy is known to be one of the major cellular responses to nutrient deprivation. Under these conditions, a cell needs to take "drastic" measures to ensure survival by digesting portions of itself to sustain metabolism. While autophagy can be associated with increased cell death, it is also often involved in responding to metabolic stress and promoting cellular survival (for review, see (35)). In the context of malignancies, it is certainly conceivable that adaptive responses to nutrient deprivation such as autophagy may alter a tumor's overall responsiveness to anti-neoplastic therapies. Kang et al. have previously shown that COX-2 inhibition with celecoxib in GBM cell lines results in autophagy (36) . This suggests that COX-2 induction may potentially act to limit starvation-dependent autophagy. It is conceivable that COX-2 is playing a role in the tight regulation of such autophagic processes so that this adaption to starvation does not overshoot resulting in greater cell death. Exploration of these mechanisms, while intriguing, is beyond the scope of this paper.
Malignant glial neoplasms are notoriously resistant to cytotoxic therapies (37) (38) (39) (40) . Since regions of necrosis and hypoxia, which are likely to also be nutrient deprived, are very common with these tumors (41) (42) (43) , we speculate that these adaptive responses, including COX-2 induction, may contribute to some of the resistance to therapy we see with these tumors. Like with other malignancies, increased expression of COX-2 is associated with higher grade gliomas and worse overall prognosis (15, 16) . This has prompted investigations into COX-2 inhibition as anti-neoplastic therapy in various malignancies including GBMs (44) (45) (46) (47) (48) . We speculate that COX-2 inhibition may be a particularly effective anti-neoplastic therapy in such nutrient-deprived tumors.
In summary, we have identified that p38-MAPK to Sp1 signaling pathway as the predominant mechanism contributing to AA deprivation-dependent induction of COX-2 transcription. In addition, COX-2 induction, in this setting, is an important contributor to the adaptation to nutrient deprivation with potential implications for response to cytotoxic therapies. 
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